Numerical simulation is used to characterise double potential step chronoamperometry at a microband electrode for a simple redox process, A + e − ⇋ B, under conditions of full support such that diffusion is the only active form of mass transport. The method is shown to be highly sensitive for the measurement of the diffusion coefficients of both A and B, and is applied to the one electron oxidation of decamethylferrocene (DMFc), DMFc − e − ⇋ DMFc + , in the room temperature ionic liquid 1-propyl-3-methylimidazolium bistrifluoromethylsulfonylimide.
Introduction
The field of electrochemistry has been transformed by the introduction of microelectrodes, 1 which have the properties of enhanced mass transport allowing steady states to be achieved, 2 operate with reduced Ohmic drop 3 and often allow a two electrode setup to be employed with a combined reference/counter electrode. 4 The most widely used microelectrode is the microdisc, which is easily fabricated and has well characterised properties.
5,6
The application of microdisc electrodes are many and varied, including using single potential step chronoamperometry to determine the diffusion coefficient of a species of interest, D A , and simultaneously either its concentration, c A , or the number of electrons transfered, n, provided one of these two parameters is known. 7 In a single step chronoamperometry experiment, the potential applied to the working electrode is stepped from a value where no reaction occurs, to one where reduction (or oxidation) occurs at a mass transport controlled rate. The well established Shoup-Szabo equation then describes the current measured within 0.6 % error:
where f (τ ) = 0.7854 + 0.4432τ −0.5 + 0.2146exp −0.3912τ
and
where i is the measured current (A), F is the Faraday constant and r e is the radius of the microelectrode (m). The change in the current's dependency on D A (from √ D A at short times to linearly dependent at long times), and the direct proportionality of the current to nc A at all times, allows both D A and the product nc A to be determined by fitting of the Shoup-Szabo equation to experimental data. A knowledge of either n or c A then allows calculation of the final unknown.
Using double potential step chronoamperometry, in conjunction with numerical simulation, this method can be extended to find not only D A , but also D B , the diffusion coefficient of the other member of the redox couple. 9 In these experiments, the potential is first stepped in the same manner as for single potential step experiments, and held at this reducing potential for a set time, t s , before being stepped a second time to a value where the reverse reaction occurs at a mass transport controlled rate, and species B is converted back to species A. Numerical simulations of double potential step experiments can then be used, with D A , c A and D B as input parameters, and these parameters optimised to obtain a best fit.
In addition to these simple yet powerful techniques, microelectrodes of various geometries have found uses in a wide variety of applications, including weakly supported voltammetry
10
(where their very low Ohmic drop is of great advantage in the study of the effects of migration), generator/collector systems, 11 electrochemical sensors, [12] [13] [14] and studies of ionic liquid properties.
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Despite these extensive uses of microelectrodes, investigations of double potential step chronoamperometry have largely confined themselves to microdiscs, except for one case each at spherical 17 and hemispherical 18 electrodes; we can find no report at microband electrodes.
This study therefore extends the theory of double potential step chronoamperometry to microband electrodes. Note these electrodes are being manufactured by Nanoflux PTE LTD R
19
and MicruX R , 20 have been noted for their ease of construction, cheapness and durability, 21 and are finding increasing use in electrochemical sensors.
In addition to these advantages, microband electrodes have emerged as being experimentally useful, and have found steadily increasing use in hydrodynamic voltammetry in a flow cell, [22] [23] [24] [25] [26] [27] [28] [29] in dual electrode generator-collector mode, [30] [31] [32] [33] [34] [35] and in impedance spectroscopy. 36, 37 One of the key differences in electrochemistry carried out at microbands, as opposed to microdiscs, is the absence of a true steady state in chornoamperometry at microbands. 38 This has the effect that, at all times, the measured current is dependent on both D and √ D. This lack of a true steady state will make behavior observed in double potential step chronoamperometry at microbands different to that at microdiscs, and perhaps more useful.
The study of ionic liquids has received a huge amount of attention in recent years (see 39 and 40 for reviews). Being composed entirely of mobile ions, their intrinsic conductivity removes the need to add any supporting electrolyte to carry out electrochemical experiments. They also have a near zero volatility, and often have a very wide electrochemical window. This has led to their application in electrochemical gas sensors, 41 as well as sensors for temperature 41 and humidity. 42 A further property of ionic liquids is that they can show drastic differences between the diffusion coefficients of members of a redox pair, e.g. the factor of 30 difference between the diffusion coefficients of O 2 and O
•− 2 in the ionic liquid hexyltriethylammonium bis-
. 43 This is due to the extremely strong ionic interactions hindering the movement of charged species. This large difference between diffusion coefficients in ionic liquids necessitates accurately measuring both of them if their electrochemistry is to be fully understood, and so performing double potential step chronoamperomtry in the solvents is a necessity.
In this paper, a model for the numerical simulation of double potential step chronoam-perometry at a microband electrode is developed, and used to asses the extent to which this technique can be used to determine both D A and D B at a microband electrode. We validate this model by simulating the double potential step chronoamperometry of decamethylferrocene in the ionic liquid 1-propyl-3-methylimidazolium bistrifluoromethylsulfonylimide (PmimNTf 2 ) and fitting experimental data.
Theory
In this paper, we develop a model to solve the problem of double potential step chronoamperometry, as discussed in the introduction, at a planar microband electrode. A schematic of the electrode being used is shown in Figure 1 , indicating the parameters w e (the electrode width), l (the electrode length) and the orientation of the Cartesian coordinates. A simple one electron redox couple is considered:
If the microband is considered to be infinitely long in the z direction (relative to its width in the x direction, see Figure 1 ), the edge effects at the ends of the electrode can be neglected, along with diffusion along the length of the electrode, reducing the mass transport equation to be solved to two dimensions:
All symbols are defined in Table 1 .
Subject to appropriate boundary conditions described below, this equations is used to simulate the time evolution of the concentration of species in solution.
Boundary Conditions
The simulation space used is shown schematically in Figure 2 . Due to symmetry around x = 0, we only need simulate half of the electrode and surrounding solution, with a zero flux condition imposed by symmetry at x = 0:
A zero flux condition is imposed on the insulating surface around the electrode:
Before the experiment begins at t = 0, the potential is set such that no reaction occurs and no current is drawn:
At times after t = 0, at the electrode surface (x < we 2 , y = 0) the boundary conditions for each species depend on the applied potential. Before some switching time, t s , the potential applied to the electrode is such that species A is reduced at a mass transport controlled rate to form species B. Hence, when t < t s :
After t s , the potential is stepped to a more positive value such that now species B is oxidised at a mass transport controlled rate back to species A:
The bulk solution boundaries were set at 6 √ D max t max from the electrode in both the x and y direction, where D max and t max are the maximum diffusion coefficient in the system and the total time of the experiment respectively. [44] [45] [46] At these boundaries, bulk concentrations are assumed:
Dimensionless Parameters
The model described above is normalised by introducing a series of dimensionless parameters, which reduces the number of variables and removes scaling factors. For example, concentrations are expressed relative the the bulk concentration of species A:
and dimensionless lengths expressed relative to the electrode width:
A full list of normalised parameters and their definitions is given in Table 2 . Once normalised, the mass transport equation is given by:
The normalised boundary conditions are listed in Table 3 .
To calculate the current, the flux must be evaluated at each point on the electrode, and summed up over the entire electrode surface. The total dimensionless flux, j, is given by:
and the dimensional current given by:
where F is the Faraday constant, A is the electrode area in m 2 , and J is the dimensional flux,
given by:
giving:
assuming an initial reduction. If instead, species A is oxidised, the current is trivially multiplied by minus 1.
Numerical Methods
All equations are discretised according to the Crank-Nicolson method 47 and solved over discrete spatial and temporal grids using the alternating direction implicit (ADI) method in conjunction with the Thomas algorithm for an n-diagonal matrix. 48 The form temporal grid employed is one which has been successfully used in previous models. [49] [50] [51] After a potential step, the temporal grid is initially uniform, but after some defined change time τ c it expands:
After the potential switch, the temporal grid repeats its form but offset by an amount τ s .
It should be noted that since microband electrodes exhibit pseudo steady state behavior, 38 a denser temporal grid is required than for microdisc simulations where a steady state concentration profile allows for large time steps at high τ .
The spatial grid used is shown schematically in Figure 3 (some lines removed for clarity).
After an initial step of ∆ s , the grid expands from X = 0 and from the electrode edge (X = 0.5) in both direction in a way directly analogous to the temporal grid, with an expansion coefficient of γ s . Convergence studies found grid parameter values of:
and γ s = 1.1 were sufficient to give results such that making either grid ten times denser changed the simulation result by less than 0.5%. The simulations were coded in C++ and run on an Intel(R) Xeon(R) 2.26 GHz PC with 2.25 GB RAM.
Simulation of Cyclic Voltammetry
When simulating cyclic voltammetry, rather than double potential step chronoamperometry, at the microband, changes must be made to the boundary conditions and temporal grid.
The boundary conditions at the electrode surface are now given by Butler-Volmer kinetics:
where k is the electrochemical rate constant (m s −1 ), c 0 i is the surface concentration of species i (mol m −3 ), E is the potential applied to the working electrode (V), E f is the formal potential of the A/B redox couple (V), and α is the transfer coefficient. In dimensionless parameters, this boundary condition becomes:
The relationship between the applied potential, E, and time is dependent on the scan rate, ν
where E s and E v are the start and vertex potentials respectively, or in dimensionless parameters:
The same spatial grid is used as for chronoamperometry, but rather than an expanding temporal grid, a regular one is now used. A parameter θ div is defined as the number of temporal grid points per unit theta swept out. In this way, before the switching potential:
and after it:
A θ div value of 100 was found sufficient to converge the simulations.
Theoretical Results
In order to validate the program used in this study, the simulated dimensionless flux for the first step of a double potential step chronoamperometry experiment can be compared to the equation developed by Aoki et. al.:
The comparison between simulations from this model and from the analytical equation
proposed by Aoki et. al. is shown in Figure 4 . Excellent agreement is seen between the two.
As discussed in the introduction, double potential step chronoamperometry can be used to obtain values for the diffusion coefficients of both the oxidised and reduced form of the species under investigation. The model described above can be used to probe the extent to which 
Chemicals

Instrumental
All electrochemical experiments were carried out using a computer-controlled PGSTAT30- to remove water and other impurities. All experiments were performed inside a thermostated box (previously described by Evans et al. 53 ) which also functioned as a Faraday cage. Unless specified, the temperature was maintained at 298 (±0.5) K. A platinum microband electrode of dimensions 6.28 mm × 50 µm was fabricated using the method of Wadhawan et. al .
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To validate the band electrode model outlined above, we can compare experimental and theoretical data at a band electrode to data collected at a microdisc electrode, simulated using the well established model developed by Klymenko et. al . 
Cyclic Voltammetry of Decamethylferrocene
Cyclic voltammetry was carried out on a 2 mM solution of DMFc in the ionic liquid PmimNTF 2 , at scan rates of 50, 100, 200 and 500 mV s −1 , using the same microband electrode (width = 50 µm, length = 6.28 mm). The results, along with simulations, are shown in Figure 8 . In each case k 0 = 7 × 10 −6 m s −1 , and α = 0.5. Good agreement is seen, using the same diffusion coefficients as established for DMFc and DMFc + via double potential step chronoamperometry at the microband electrode.
Conclusions
A computational model for the simulation of double potential step chronoamperometry at a microband electrode has been developed, which is shown to successfully reproduce experimental data. It has been shown that microband electrodes can usefully be employed to simultaneously determine the diffusion coefficients of both members of a redox couple. Double potential step chronoamperometry was carried out on decamethylferrocene (DMFc) in the ionic liquid 1-propyl-3-methylimidazolium bistrifluoromethylsulfonylimide (PmimNTf 2 ) at both a microdisc electrode and a microband electrode, and it was found that the well established double potential step simulations for a disc produced the same diffusion coefficients as the program developed here for a microband electrode. 
x we Y y we Table 2 : Dimensionless parameters. Species A refers to the species initially present in solution before the experiment/simulation begins. 
